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‘1’l~c ltl~cyclo])c(iia  of l’la I~cta  Iy Scicl]ccs  aII(l Ast It)[I,colo{I,y w i l l  Ilavc tttc

SaIIIC [I, cIJc  Ial f(JIIIIat as 011 ICI VOILIIIICS ill  {IIC llltcyclol)c(lia  o f  11:11111  Scic])ccs

S e r i e s  (I)[il]lislied  I)y \laI~ Nos IIa IId l<cilll]ol(lj  New YOIk). It w i l l  l~avc a

l)lcfaccii  ]]t]()(l~]cli(~ll  I)y tlIc c(litols,  a list of colltlil)~lto]s  (l Ial IIcs alId illstitlltion:tl

add Icsscs),  Cllcyclo])edi;i  Clltlics  :iII:i II}J,  cd i]) all)llal)ctical  oIdc I ( e a c h  clltly  w i l l

l)c si~,llcd I)y tlIc alltllol  slid illcludc  i t s  owl) l~il)liop,l:ij)lly),  illtclllal  closs-

]cfc.]c]lcil~~  aInoIIIJ, :ilticlcs, aIId :i collll)lcllc]]sivc i]idcx covclill~,  IIIC c]ltirc

\701j]I]) (..

‘1’IIc  finisllcd  voliImc  will I)c a[)l)loxilnatcly  ‘/00 j)a~:cs  ill lcl]~:tl],  ii] :i 6 ‘//8 Ily

10 iltcl]  forlll;it,  l~~ovidi]lf;  al)oiIt 800  wOI(IS j)c I l)HF,c. A  ]illlil  (’d lIUIIl\)CJ  Of c()]()J

i]]lJSt  J~tioJIS  Hl)d /)h O!()~J~])]l  S \\’i\]  1)(’ il)C~lJd  Cd.

‘J’1)(’lc  w i l l  I) f.’ tlllc’c ~, CJICI:i!  Cat(’p,olics  of alticl(’s. ‘I’l Ie Jnost  sip, Jlifica Jlt

to])ics will

C:it (’f>ol  y Oi

C:it(’[:oly  of

I)c disclissed  in altic]cs  o f  IIp to S(1[)() woJds in ]clIII,th. A  scco  IId

s])ccinli~.c(i  toj)ics will Jcccivc  alticlcs  of 1000 -?000 woIds. ‘I’l Ic third

cntlies  consists of (lcfilliti~)lls  of l]]] to SOOwo Jds.
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(’olltcllt  and Slylc

‘J’hc Icadc IslIip o f  [his sclics  consists  ]~lilllalily  of :lc:l(l~ll~i~s  (l~otll  f:~c~llty ,

and stlldcl~ls)  and I)lofcssiol)als, illclll(lillf~  s c i e n t i s t s  flolll  oll Ict (lisci])li I)cs.

‘1’ IICSC \’ol LIIIIcs  aIc HIs() IIscd I)y lit)lalics  and iilfollnatioll  ccl Itcls t o  allswcl

‘[ I,cl Icl:Il  ill(]llilics. ‘1’llclcforc,  wlIc Icas alticles  fol t h i s  ])alticuial  \’olllll  Ic Slloul(l

I)c wliltcll  to be uscf[]l to ]Jiofcssiollal  I)lallctaly  sciclltists,  tlIcy nlust  also  hc

acccssil)lc  to those  WI IOSC cxl)cltisc  Iics ill othrl  atr as.

WC wish  to treat  all of tllc ])la I)cts aII(l tlIc ])lillci])al  II 1001 IS irl ii c o n s i s t e n t

fasltioll. ‘1’IIc  scctiotks  fol caclI i)!anct  w i l l  incl~](ir  (Iisc(lssiolls  o f  tlIc ]Jla IIcta Jy

ma[:nctic  firld, atmos])llclc, illtcliol,  :iIId sllifticc  (wl IcJc :i])l)lol)liatc).  llacl  I o f

tl~csc to]lics  Inay  l)c tIcatcd I)y sc])a Iatc collllil)l]tols, m altcltlativc]y  one ill(iivi(lual

n)ay aIIllloI sc\’c Ial C.ntlicswllcle  a])l)lol)liate.

h4i1cl]  ncw infol malion  co]lcclllil][: VCIILIS, l]IC Ne])t II IIc. SySt CJ1), and CO IIICt

]]~1](’y  h:l S JCCCHt]y I) CCOIIIC :{V2i]Hl)!(’. ‘1’lIc  SIHHIICI I)o[lics  o f  the sola I systcln

(conlets aIId  :istc]oids)  aIc Iikwisc  tlIc ol)jcct  of collsidclal)lc  IcscaJclI  at l) IcscIIt.

AH cl}cyclol)c(l  ia is not an al)l)to])li:itc  fOILII II fol IIIC filst I)lcscl)tatioll  of IICW d a t a

0 1  tIIItcstcd thcoli  es; lIo\vc\’c  I wr \\’is])  to illcoll)ol;ltc”  as 111(1 cl) licw illfollllatioil”  as

is I)lactical)]c  i]) this \’ol LIII)c. WC wi l l  :ittcll)])t  to p,ive c(l II:tl tin)c to 1)0111  si(lcs  of

IIIajoI uI)Icsol\’ed (]ucstiol)s,  sIIcl) a s  tlIc oli[{itls  of tllc i~i(liuill alIol  IIaly a t  tllc K’1’

l)oltl)d:~ly.  Wc woIIld  l i k e  t o  cn)l)hasi7c  /) IO CC S.Y(:LS, s u c h  a s  acclctioll,  inll)act

cl:itcfill~:,  maIItlc  collvcctio  l],” aIId vo!callislll, in tllc col)tcxt  o f  “coln])arativc

])lall(!  tology.”

W e  (10 Hot wa]]t to de-c Jlll)hasi7c  01 Ilcf[lcct thcolc  tical asl)ccts.  llIIpoItalIt

tllcorics  wtlich lIavc gaillcd  w i d e  acccl)tallcc  slIo LIld l)c illcludcd  ill tlIc VOINIIIC.

llowevcI,  s])acc Iil)litatiol)s  aIld tllc au(licl)cc  ])rofilc  s e t  collstlail]ts.  lhllaustivc$

colllp  Iel)cllsi\’e  Ilcatmcllts  o f  tllcolics  catlllot  I)c illclu(lc(l,  I)ilt s[lllllll:ilics  nlay  I)c

a])l)lo])liatc.

AIticlcs s]]011](1  fO]]()\v all (’n CyC]()])C(~i  H follll~t,l  )C~illllill/\Wit}l  iIll JO[i UCtoJy

nlfilclial  and J)log,lcssil)f,  10 molc a d v a n c e d  col Icc])ts  and ~)hcllolncl]a. ‘Illc

I)istolical  dcvclol)Jncl)t  of  tlIc to])ic is oftcll of  ilItc Ics

cln])l)asiz.  c-(1 ovc I cullcnt  knmvlcdgc  aII(l al)pl ications.

aIc a])l)toi)riatc  if tllcy aIc not  Icnf:ttly  alId i n v o l v e d ;  i f

SO II ICCS slIould  I)c cited ill  tllc l~il)lio{:la})tly.

,  but Illis should  IIOt IJC

l~undall~ellt:tl  cquatiol]s

so tllcl~ tl]c al)l)lo])riatc
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IIlllsllalio]ls

(;ol)tlil)ulols  w i l l  I)c icsl)ollsil)lc  fo] ]) Icl)a  I

tl]is i s  a  ]) Iol)lcln,  [Jlcasc  coIIl act tl)c c(litols).

l]g, thei[ own illllst tations  ( i f

\vc Cxpcct  Illal  IIlost  o f  lIIC’

illltst]  ations  will  consist of li])c (llawin~,s, /IIal)lIs,  chalts, and I)lack aII(l \vllitc

pllolop>la])lls. A  Ii]nitcd  I~IIml)cI  of COIOI I)llotop,l-al)l)s  wil l  I)c il~cl~ldcd,  I)ossil)ly  iJ~

a sclics includillg  ll)~lltil)lc  views of cacll II)ajol I)ody.

llil)lio~,Jal)llic  l<cfclcnccs

‘1’hc Ionflcst  a~ticlcs m a y  iilcltldc  ~1]) to f i f t y  rcfclcnces, w h i l e  definitiol]s

slIould  illcludc  about  f i v e  01 fcwcl , .  ‘J’llc Icfclellccs  should Cllal)lc tllc  lca(lcI to

I)cp,ill a InoJc in-dcptl~  invcsti[:ation  of tl)c to])ic. .] Ill]) OJtallt  lCff.’JCll  CCS all[i  Ill[)I’C!,

.coI})l)Jellct]si\’c  rcvimv  aJticlcs  slIOHl(l be incll](lc(l,  bIIt  the biblio~la~)lly  ilsclf n e e d

Ilot I)c coil-llJJellcllsi\~c. III tyl)itlg  Icfclcnces, c(~l]tlil)utol’s  should  illcludc  a s

coln})lcte  bil)lio~~lal)l)ic  i n f o r m a t i o n  a s  I)ossil)lc (al)l)lcvialcd  t i t le  of  joNlllal,,

Il(ill)l)cr  of j~agcs in a  book or  II Iono~Iaj)l  I) aII(i the cditofs will stal]daldi~.c t h e

fol]llat fol IcfcJcJlce c i t a t i o n  tlIIotI{:lIoIIl”  the  Volltlllcm 1)0  Ilot 11s(2 f[)otl)otcs”  0 1

.I)uml)clcd  lcf(’l”c~lcc’s. AckJ]()\4~lc(lgclllcl)ts  aIc inal)])lo])riatc  i]) a n  cncyclo])c(lia

UIJICSS tllcy aIc essential for NSI~[:lallts,  C(C.

(“[) Ilt Jil)utols

Wc alc cul Jcntly  solicit  iJl& autl)o)s  to w r i t e  aJticlcs  a n d  cl)tlics  fol lhc

]il)cyc]opedia  o f  ]’]ancta  Jy Scicnc’c  all{i  Astro~,colop,y. l ’ l e a s e ’  ICt lls kll[)w \vllat

alticlcs yo~] mig,ht I)c will if)j: to contli  I)utc,  01 if you l]avc  collca~,  ucs t h a t  you

would  supy,cst as ])otcnt ial co])t]il)uto)s. Wc cncourap,c  tllc usc o f  co-au  tllo!s it]

wlitillg tile  Jnajo]  a]ticles. III  SOJIIC c a s e s  i t  n)ay I)c n~ost  cfficicnt  if tllc safl)c

l) CISOII wlitcs a gIoNp  of Jclatcd  alticlcs  (f’()] instal)cc,  (Icsclil)ing  tl]c at fnos])hcric

cifculatiol)s  o f  two  OJ Il)[)l”c  of tl)c ~:i S gia Jlts). WC IIo])c  to Jcccivc  con[lil)utions

flofl~  iJlvcstif[atols  flonl lna])y  diffc]cllt  c-ountiics  and i n s t i t u t i o n s ,  to CJ]SUIC a

I)!oad ])clsl)cctivc..

Wc Heed hc]p in lcvic\ving  and c\’alllatil)~,  articles; if yo[f would  I)c wi]lil)p, to

co Jlt~ibulc  iJ~ Ibis ca])acity,  ])lc:isc !ct us kJlow.

(Jl]cc yOLI h a v e  illfolfnc[i  us of  youi  illtclcst  ill  co)ltfil)utill{{  to t h i s  volulnc,

wc will discuss \vitll you tllc l)at~!lc of yo[ll  ])alticulai  cotltlil)tltiol)(s)”  al](l  sclld you
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e],l,e],lmis (],lural: cI~hc]nerides,  ]>rcrnounccd ll;fl-ulI-M}I)l {n-

IIg of tllc I)osition o f  a  cdcstial body at regular  ir]tcrvals.

-Ikez) is defined to lm a t a b u l a r

‘1’}lroughout  history scicntifical]y

c)bservallt c u l t u r e s  lIavc  sougl[t to  undcrstmld  al)d  prc!clict  dcstial ]l}lcnlcllIlcvla, mc)st notab]y t}Ie

~Ilc)tic)~ts c)f tlIc! Sun, MOOII,  a~lcl }~lancts.

AIIy cflort to cstab]isll an qAcIncn-is  invc~lves  the clcwcdcJInncHIt  c)f sorrlc  sort o f  ma themat i ca l  ]nodcl

w}]icll rq)roduccs  ])asl a~ld current olmcrvatio]ls. ‘J’his  ~r]odcl  is IJ1611  evaluated at regular extrapolated

iI]tm-vals  to obtain lhc d e s i r e d  prcd]cted  ]~cmlt]c))]s.
. .

‘J’hc?  ]I]odcds dcwiscd  by  anc i en t  astrcmo]rms

co]lsistccl  of  e laborate  systcrns of what wcn-c tcr]llccl  c]]ic.yclcs, wl]crci~l the SUII  a~ld ])la]lcts w e r e

attac.llcd to a hicrarc]ly of circles. ‘J’hc ccmtcr  of cacll  c)f these circles rode ou another circle, auc]

tllc mltirc:  systc~ll  ultir]latcly w a s  assu]lmd to ha.vc IJle l’;art}l a.s i ts  cz]ltcr. l)cxq)itc  this unwieldy

cc)~n])lcxity  tile systcrn dcscritmd celestial ]notions  with fair success over short periods, thougl] it was

ur]workablc over lo]lg time S] MIIIS,

I II t}Ic rcr,aissm,cc tJIc ir]vcrlticlrl of tJIc tclesc.c)]m,  t}Ic rise c)f rnat)lor]latics, a]ld Isaac. Ncwtorl’s I,}lmry

c~f u]]ivcwsal gravi tat ion]  cstablisllcd cclcstial ]r]ccl]a]lic.s  as a rcsI)cctal)lc  scientific cvldcavor.  Kc!])ler

clcduc.cc]  that ~)laucts  follc]w clli]]tical cmbits  with tlIe Sur] at OIIC fc)cus;  ill ac tua l i ty  tlIc orbi ts  clifl”cr

slip, ]ltly fro]n  c]li]mcs  clue: to }mrturht, icnls l)y otllcr cclmtial bodicm.

AIIy rcprcsc]lttrtion of  the ]nc)tio]l of a cclcstial I)c)cly as a rnatl]c]natica]  fu]lctioI]  to bc c-waluatcd  i s

tcr]ncc]  a theory, l{ccause the MOOII  a]lcl ])la]]ets  fc)llcm’ cmbits  that are in f ac t  nea r ly  c i r cu l a r ,  t he

]Ititural i]lgrcdicllts for a]]y tllcory rcprcscvlting their  r]lcjtio]ls  arc series of tri.gcmornctric fu]]c.tio~js,

si]ni]ar to Fourier series but more elaborate. ‘J’}Ie  Cocfiiciel]ts  of t}Ic trigcmolnctric tcrlns arc usually

])c)ly]]omials  ill ti]nc and functions of other ])ara]ncters; tllc trigono]nclric argur]]cmts  arc tllc]nsclvcs

fu]lctions of tirnc and of para]nctm-s dcscribi]lg  tllc c)rl)its  c)f tllc pcrturbil)g  hodics.

Rro]r]  the scvcnltcc],tll  century tl]rougll tllc })rcscn,t, lurlar, l)lanctary, ar)d satellite tl,corics of il~c,re,as-

i]lg rcfi]lcIrJcn)t have bccII CICWCJC)I)CC1. lJ1ltil  tllc aclvmt c~f coznputcrs,  t}icorics  we re  t)lc CIIIly trma~ls o f

1



c~)}lclnm-is  rcpresentatiou. While theories arc accurate over comjmrativcly  Iollg  ti]ne spans, all wrffrx

froI1]  tlic limitatio]m of the large amount of tilnc required to evaluate t}leln.

Nllmcrica] lntcgraticm. ‘1’}IC 19GOS were a watm-s}lcd  for cclcstial mcc}lallic.s  and c])hcr[lcridcs: clcc-

tro]~ic  c.cnnputcrs  bccamc widely available, navigation of s])acccraft to the Mc)on and planets rcquiml

knowledge of cclcstial positions with unprcccdcntmcl  accuracy, and t}lc precision and kChIIOIOgy  of  ob-

servations  inc.r-cased sul)sta~ltially. ‘J’hc al~~~rc~xitIlatiotls  givcl~ by analytic. lunar  and planetary tllcorics

Y.,.c ..4 b:-\’ti%.’:’ ~
usually calluot ]ncct tl]c accuracy requircnncllts  of spat.c missi~lls, tllc use of ]luln’eric.td  i~ltcgratiol}.

A

All current high-precision lunar and planetary c]dlml)cridcs are produced by nulncrica] intcgratioll

of the differ-cnltial cquatiol]s  of lnotio~l. Nvcri for c.omJJcx  models ,  the ccluations call bc forlnulatcd

cc>ltciscly.  ‘J’hc results of the integration arc converted ancl stored as a set of intcrpo)ating  ])olynomials.

‘J’llcsc ])olyllo~nials  cau bc evaluated at ]>criodic,  in tervals  for  purposes  of  pr inted tabulat ion (as

])ul)lisllcd  allnually i~) llla~ly astrol~o~nic.al  allnallacs  t}lrouglkout  t h e  w o r l d )  o r  rnadc a v a i l a b l e  to

subscquc]lt  cornputcr  ]mograrns for obtaining t}le ~)ositions  of cclcstial bodies at arbitrary times,

Mcwt  of tllc ]lumerically il)tcgrated cq)llc~ncridcs  ill usc  throug}lout  tllc w o r l d  a r c  ]n-oduccc] by t}lc

.lct 1 ‘rmpulsion  l,abc)rator-y  (J 1’1,) of tllc California ll~stitutc  of ‘J’cc}lnolc)gy  ill l’asadcnm, CaliforI]ia.

II] cornl)utcr  forr[l, J ] ’ ] ,  c])}] clncridcs  ty~jically  cover a f c w  dmadcs to ~mrha]m a c.cl,tury; 1)11)1 W, a

co)lsidcrably lollgcr hi.gh-l)rccision in t eg ra t ed  e])hcuncris,  s})arls  more  than 44 cmlturics,  froln 1410

11.(:. to 3002 A.]). (Ncw}]all  c1 al., 1983).

Matllmmatica] M o d e ]

l’lanetary IGphmmrides.  ‘J’hc J]’],  planetary a~,d lul)ar c])llcrncridcs arc corn]  )r.rted simultaneously

b y  liulncrica] il)tcgraticm. ‘J’lic ~)lanctary force r]]odcl inc]udcs  co~ltributions from (1) r e l a t iv i s t i c .

])oillt-lnass illtcrac.tiox~s  of t}lc I)inc  ])lancts, the Surl , alld the MOOII  ir) t}lc isotropic,  ])aramctrizcd

])ost-NcwtonialI  n-body  Inctric (SCC Ncwllall et al. ~1983] for t}lc e q u a t i o n s  o f  m o t i o n ) ;  ( 2 )  t h e

Ncwtorlian cflects of Ilcarly 300 as teroids  on tllosc sa~nc bodies; (3) the iritcraction of tlIc poirlt-

~nass Sun on the figures of Ll)c ICarth  arid  Moo]l; aTld (4) t}lc effcc.ts of tllc ~~rinei~>al non-s] >hcric,al

gravi tat ional  term (J2) of tllc Sun  o]) t}]c Mooxl ancl planets .

2



Lunar IGpllcnmris.  ‘lYcatmcnt of the lunar ephemeris employs a more extensive model to accommo-

dattc the accuracy of laser ranging data. Desidcs the relativistic point-maw  effects the model of the

I’;arth-Moon systcrn  includes: (1) interaction of hfoon and Sun on the Earth figure; (2) interaction

of IOarth  and Sun on the Moon figure; (3) the effects on the Moon of the Earth solid and ocean tides

raised by the Sun and Moon.

In addition to the position of the Moon in its geocentric orbit, the physical libations (the rotational

position of the Moon about its ccntcr of mass) must bc integrated numerically. ‘1’hc libations arc

rcprcscmtcd as a set of three Itulcr angles defining the orientation of the Moon with respect to the

Earth’s mean equator and equinox of the epoch J2000: +, the angle along the Earth’s equator from

the equinox to the ascending node on the Moon>s true equator; 0, the inclination of the Moon’s true

equator to the Earth’s equator; and +, the an glc along the MOOn>S equator fro]n the node on the

]Uarth’s  equator to the sclcnograp}lic pri]nc meridian.

The mathematical model for libations rcprcscnts  the response of the Moon to torques arising from

action of the point-mass Sun, the point-mass ICarth,  and the Narth figure on tllc lunar figure. The

lunar morncnt  of inertia is modeled as having a rigid-body component and a time-varying component

arising from a delayed dissipative elastic rc.sponsc  to the deformation caused by  Earth-induced solid

tides and by the lunar angular velocity.

Satellite IJpllcnmridcs.  ‘1’hc third area of dcvcloprncnt  of cphcmcridcs  involves those of the satel-

lites of Mars and of the giant planets Jupiter t}lrough N e p t u n e . (Satell i te  cphcmcridcs  arc not

considered in the modeling of planetary and lunar cphcmcridcs.  Each of the outer planets and its

family of satellites arc treated as if combined into a point rnam --- a satisfactory apprn~irnation,  as

the per turbat ions

The  cphcmcridcs

on other planets duc to the actual satellites arc small.)

of Phobos  and Dcirnos, the two satellites of Mars, arc represented as  theories .

The most recent developments arc by

spacecraft imaging during the Mariner

Sinclair (1989), tmscd on

9 Inission in 1971 and the

3

Earth-based observations and on

two Viking missions in ]976.



II] 1977, two Voyager spacecraft were sent from F;arth toward the outer plaucts. Accurate satellite

cphcmcrictcs were essential to the success of the missions. lloth Voyagers visited Jupiter and Saturn;

V o y a g e r  2  c o n t i n u e d  o]] past Uranus and Nc~)tune.  Up to that tirnc, t h e  q]hcmcrictcs of outcr-

plallct satellites were dcterrnincd  solely froln l~arth-based tclcsc.o]>ic  otmcrvatiorls. ‘J’hc two missions

providccl  collsiderab]c  irn]movelncnt in ep]lcnncridcs and masses of the satellites.

U1llikc the case of planetary arid  lunar ephemerides, numerical integration of satellite orbits has met

with succcss only for the Uranus and Neptune systems; it has not been used for the G alilcan satellites

of Jupiter or for t}~c eight principal satellites of Saturn. ‘J’}le  numerical integration and parameter

estimation procedure fails because of nonlincarities in the satellite systctns,  arising from (1) t]lc large

number of revolutions that occur for the satellites over a given tirnc span,  and (2) strong resonances

between various satellite pairs. For the planetary and lunar ephemerides, a reascmably linear systcm,

25 years co!npriscs  about  330 revolutions of the Moon and 104 revolutions of Mercury. I\y contrast,

10, the innermost major satellite of Jupiter, completes nearly 5200 revolutions in 25 years; Mimas,

the closest large satellite to Saturn, about 9700 rcvcdutions.

NonliIlcarity obstructs integration a~ld cstilnation  as follows: t}lc il]tcgratioll I)roccss  corlsists o f

s])cc,ifyi]lg tl]c  position and velocity of cacll  satellite at so]nc initial el)och  and tllcn using tl]c equations

of motion to propagate the states forward with the integration. In general, any error in tllc initial

states will grow over the span of the integration, yielding a progrcssive]y degraded cpherncris.  ITI

usual estimation tcchniqucs,  corrections to the initial states arc made by comparing observations of

the satellites with computed values based on the integration and then adjusting t}~c initial conditions

accordingly. This technique works only if corrcclic)ns  to the initial states are proportional to measured

errors in the orbit (i. e., if the systcrn is linear), not the case for the Ju])itcr  or Saturn systcrns.

‘J’IIc origi~lal  theory for the Galilcan satellites of Jupiter was dcvelo])cd  in the early part of this century

by Sam~~so~\ (1921). I,ieske (I 976) at J]’], produced an improved theory of the Galilean satellites

using a colnputcr for algebraic mani]mlatiorl. ‘J’hc  theory for the satellites of Saturn used for the

V o y a g e r  lnissions was taken from the summary and refcrcnccs  found in Explanatory  ,S’upplcment
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to the L’phemerb  (1 961) and improved by fits to F;arth-based and spacecraft observations; a more

complete theory is that given by Duriez and Viennc (1991) and continued in Vicnnc and IIuricz

(1991).

C o n s t r u c t i o n  o f  the ll]dlemeridcs

‘.l’hc J]’], c])hcmcriclcs  have been instrumental in the success of NASA planetary and lunar missions.

in the early days of unmanned space exploration t})c cphcmcridcs  were derived from planetary and

lunar tl)corics. With time, significant advancements in spacecraft tracking systcrns  and data accuracy

required analysis beyond the scope of approxitnations  offered by theories and necessitated the use of

nulncrica] integration.

Da ta  types. ‘J’he orbi ts  and other  parameters  related to  the planets  are  determined by a least-

squarcs  fit to various types of observations. ‘J’hc observations span most of the twentieth century

(those from earlier times have large unccrtaintics).  The types of observations used arc:

Optical meridian transits. ‘J’hc disk of the Sun or a planet is observed through a telescope to cross

the lncridian.  ])ctwccn  ]91 1 and 1982 tl]c U.S. Naval Obscrvatory  in Washington IJC made several

thousa~ld transit observations of the Sun and Mercury through Neptune. IT] 1984 the photocdcctric

rncridia~i  transit was introduced, where a photoccl]  rcplaccd the human observer. ‘Jyansits of }’luto

have been obtai~lcd since 1988.

A strolabe. The disk of a planet is observed through a tclcsco])c to cross a fixed altitude, both

ascending and descending. Observations of Mars through Uranus were begun

arc typically from 0’!3 to 1 ‘!6.

l’holographic A stromctry.  IIcforc 1988 the observations available for l’luto wcr

II 1969. Accuracies

from photographic

p]atcs. From p]atc mcasurcmcnts,  I’luto’s coordillatcs  arc established relative to sclcctcd rcfcrencc

stars. ‘J’his  data type is also used for planetary satellites other than the Moon.

Satellite k’clipses. ‘1’imcs of disap~)carance  and rcappcarancc of a planetary satellite duc to passage

through the sl)adow of its primary arc rccordcd.
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occultation Timings. Uranus occasionally passes bctwccn the l’Carth and a star. In 1977 the planet

was found to have rings; subsequent rncasurcmcnts  of the time and duration of the blocking or

occultation of the star’s image by the rings give the celestial coordinates of Uranus to less than 0’!2.

Silnilar occultations

about 0’!3.

by the disk of Neptune beginning in 1968 cstatdish  Neptune’s coordinates to

ltadio  A stromctry.  Beginning in 1983 the Very l,arge Array in New Mexico made radio obscrvaticms

of the thermal emission of Jupiter, Saturn, Uranus, and Neptune; the observed c.clestial coordinates

arc accurate to about 0’!03.

Ranges. The above observation types arc rncasurerncnts  of angular position of the designated body

as seen on the cclcstial sphere. Enter the ranging era, in which the measurement is distance between

au observing station and a cclcstial object. ~cgi~ining in 1970, Mercury and Venus were ranged by

radar, with an uncertainty of about 1.5 km. (Ily comparison, a typical 1” angular measurement

error at Mercury is about 750 km in tratlsversc linear distance.) Ranges to spacecraft in the vicinity

of Mercury, Mars, and Jupiter have uncertainties as small as 500 meters.

‘J’hc Viki~lg landers on Mars were ranged bctwccn 1976  and 1982 with uncmtaintics of 7 meters.

}Ictwccn  1969 and 1972 the Apollo astronauts placed three arrays of laser rctroflcctors  on the lunar

surface; a fourth reflector array was landed by t}~c ltussian-1{’rcnch  I,unakhod  2 spacecraft. Over

t})c following years, more than 8000 laser ranges bctwccn terrestrial observatories and the four lunar

reflectors were acquired. l,unar ranges since 1990 have uncertainties as small as 2 ccntirnctcrs or ]CSS;

both the Viking ranges and the best lunar ranges have relative accuracies of better than 5 parts in

101].

Optical Navigation. Ephcrneridcs  of the outer planets and their satellites had errors of 1000 km or

more before the Voyager missions. l)uring  ap]~roach  to each planetary systcrn,  cameras on board

t}lc spacecraft obtained images of the planet and its satellites against a background of catalogucd

stars . ‘1’hcsc images were then used to modify t})c spacecraft trajectory and to refine t}ic satellite

c])hc~ncr-ides.
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l?cprescntation of Ephemerides.

in contrast to printed tabulations, ephemerides used by computers are stored as coe~cients of an

interpolating polynomial, allowing a user to obtain ephemeris values at arbitrary times. ‘1’he poly-

no~nials  of choice for the JI’L ephemerides are Chebyshev  polyr)omials (Newhall, 1989). They are

stable during interpolation and provide a reliable estimate of the errors introduced due to truncating

at a selected polynomial degree. g’he standard for interpolation error in the J1’I/  ephemerides is 0.5

mm. (This figure denotes the precision to which interpolated values match the original numerical

integration, not the actual dynamical state of the solar system.)

l;]dlcmm-is P a r a m e t e r  E s t i m a t i o n

Many physical parameters in the solar system can bc determined to considerable accuracy from

cphcmcris data. The creation of the lunar and planetary cphernerides  typically entails estimating

about  150 parameters ,  including the initial positions and rates of the planets and Moon, initial

values of the lunar libations, station and reflector locations, lunar gravity model, lunar elasticity

coe~cicnts,  l’~artl]  and lunar tidal dissipation, polar  motion, the angular position of the l~;arth  (UT]),

precession and nutation  of the II;arth’s pole, the astronomical unit (average distance bctwecm  the

]tarth and Sun), and the masses of the Moon, planets, and major asteroids. (In practice the actual

mass of a cclcstial body is difhcult  to determine; the quantity that is WCII  determined and is instead

estimated is GM, the product of the gravitational constant G and the mass M of the body. )

A fcw results from parameter estirrlation  follow:

Relativity.  For t}le Earth-Moon system, laser ranging has provided an accurate confirmation

Strong l’rinciple of Equivalence (that gravitational mass MG is equal to inertial mass &fl)

of the

in the

General Theory of Relativity. ‘1’hc formulation used expresses the ratio of the two mass quantities

as

Me-—
Ml

=- 1-1 q -$2

where q is a dimensionless parameter, UG is the gravitational self-energy of the Earth, M is the mass
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of the Earth, and c is the velocity of light. (For the Earth, UG/Mc2  w 5 x 10 - 10). By e x p l o i t i n g

the fact that a disparity between the two would cause a sunward displacement of the lunar orbit,

estimation of the lunar ephemeris has found that, for the l’larth,

q = 0.003 :1 0.004

Some theories of gravity suggest that the gravitation ‘[constant’) G is not constant at all but may be

tilnc-varying  in some fashion. The usual form in which a variable G is expressed is the ratio G/G.

Laser ranging has found that G/G is zero to at least as small as a few parts in 1011 per year. Other

relativistic quantities are the post-Newtonian parameters measuring curvature and superposition of

gravitational fields and geodetic precession of the lunar orbit. All determinations arc consistent with

the predictions of general relativity, both from lunar laser ranging and from planetary ranging.

]Carth-relatated  quantities. Another quantity improved by laser ranging is the effect of the l]arth

tides on the lunar orbit. The Moon and Sun raise both solid and ocean tides on the I’;arth, which in

turn affcc.t the lunar orbit. ‘1’hc most pronounced effect. is the secular acceleration of the geocentric

lunar longitude, whereby the tidal bulge on the Earth lies ahead of the 13arth-h400n  line and tends

to add energy to the lunar orbit. This energy addition causes the average l’;arth-Moon  separation to

incrcasc, with an attendant slowing of the Moon in its orbit. The measured acceleration of longitude

is - 25.9 arc seconds/century2, corresponding to the Moon’s receding at about 3.8 ccntimctcrs/year.

l’lanetary  Gravity. A fruitful use of the cphcrncridcs is the navigation of robotic spacecraft, and

the determination of the gravity fields of the Moon and planets. The fine structure of those fields is

irregular duc to aspherical mass distribution. The fields are customarily represented by coefficients of

sphcrica] harmonics. l’rccise determination of t})e trajectories of p]anct-orbiting  spacecraft provicles

estimations of a large set of gravitational cocfflcicnts,

Planetary Masses. ‘ Any non-orbiting spacecraft passing near a planet or satellite provides a good

dctcrlnination  of the body’s GM. Over the course of the past two dccadcs the GM’s of all planets and
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major satellites (except for the Pluto-Ch aron systcrn) h avc  been reliably determined from spacecraft

da t a .

other l’~]hcmcris A pp]ications

Spacecraft Mission Planning. Planned spacecraft missions, particularly to the outer planets and

their satellites, face severe navigatio~l constraints, l’ayload-i~nposed fuel limitations often necessitate

gravitational assists from intermediate planets in order to supply sufficient energy for the spacecraft

to reach the target. Sensitivity of the final arrival trajectory to errors at intermediate planets and

satellites can he extreme; accurate ephemerides and GM determinations are essential to devising

reliable fuel and payload budgets and navigation strategies.

06seruations  and Data Reduction. Ephemeris accllracy is necessary for acquisition of data such as

planetary microwave observation, where angular position is important, and radar ranging, where

round-trip travel times must be known a priori to  within a few microseconds. The reduction of data

also demands accurate ephemerides: for the l;arth and target body in the case of radar ranging, and

for the llarth alone when analyzing the timing of rcceivcd signals from millisccolid pulsars.

IJlanet  X. For several years, some astronolners  stated that the best-fit predicted orbit of Uranus

differed from the acutal

designated “1’lanct X,”

‘l”hen in 1989 the

that planet’s G M .

differences largely

Summary

orbit. ~’hcy attributed this discrepancy to a possible massive tenth planet,

Several attempts to find it telescopically were made, but without success.

approach of Voyager 2 to Neptune proi ided a significant improvement inclose

When this new value was included in t}le nu~],{rica]  integration the Uranus orbit

disappeared, casting substarltial  doubt on the existence of Planet X.

Accurate planetary, lunar, an d satellite ephemerides are essential for successful space missions.

l;phemeridcs  originally were produced from mathematical theories but, with the exception of the

satellites of Jupiter and Saturn, are computed by nurncrica]  integratiorl.  Accurate  computat ion of

ephemerides has provided estimates of numerous quantities relating to the planets and satellites and
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to the theory  of relativity.
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